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I. INTRODUCTION
The use of optimized laser fields to guide the dynamics of an atom or molecule from a given initial state into a desired final state is a topic of much current interest. [1] [2] [3] [4] [5] [6] [7] [8] [9] To be specific, we consider in the following a molecule which is bound in its electronic ground state and where fragmentation can take place in excited electronic states. In the weak-field limit, shaping of the laser field can modify the dynamics. In the strong-field limit, the laser fields can modify the dynamics as well as potential energy surfaces. Selective shaping of potential energy surfaces has recently been demonstrated. 10, 11 The time-dependent phase-coherent electric field of a laser pulse can be represented by
where A(ω) is the real-valued distribution of frequencies and φ(ω) is the real-valued frequency-dependent phase. The energy in the field ∝ |E(t)
2 dω is completely determined by the frequency distribution and is independent of the phases. Genuine/active coherent laser control is defined as control which depends on the phases φ(ω). These phases modify the pulse shape and can affect quantum interferences.
In the weak-field (one-photon) limit, amplitude is exclusively transferred from the electronic ground state to excited state surfaces. However, when excitation out of a single eigenstate of a molecule is considered and direct fragmentation takes place within a dissociative continuum of states, a seminal proof showed that no phase control of final state distributions of the fragments is possible in the long-time limit. 12, 13 Thus, the total excitation probability into a particular arrangement channel of an excited (ex) electronic state with nuclear Hamiltonian H ex is 14 P ex = all E in ex.
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is the initial eigenstate (e.g., the vibrational ground state) times the projection of the transition dipole moment along the polarization direction of the field, |E, n is an eigenstate of the chosen arrangement channel of a product with degenerate states labeled by n, and the integration is over all energies E in the excited electronic state (measured relative to the energy of the initial state).
In this limit, according to Eq. (2), only the frequency distribution of the laser field is reflected in the excitation probability, i.e., via |A(ω)| 2 , where ω = E/¯. A short laser pulse generates products with a distribution of energies selected according to |A(ω)| 2 . The outcome which is obtained with some particular pulse shape of an ultrashort pulse can, in principle, always be reproduced by a set of (incoherent) dissociation processes induced by cw-pulses where |A(ω)| 2 = δ(ω − ω 0 ) and P ex = P(E 0 =¯ω 0 ). Thus, the set of cw-pulses must have different intensities and frequencies corresponding to the frequency distribution |A(ω)| 2 of the short pulse. Laser phase dependence can, however, be observed for weak-field excitation out of a nonstationary superposition of bound vibrational states. 2, [15] [16] [17] [18] [19] Furthermore, beyond the weak-field limit, coherent control plays an important role in the pulsed strong-field excitation out of a single stationary vibrational state of a molecule. In the strong-field limit, amplitude can be transferred from the electronic ground state to an excited electronic state and back to the electronic ground state. This can lead to a nonstationary superposition of bound vibrational states which subsequently is transferred to an excited electronic state where fragmentation takes place. 20, 21 The use of strong fields create, however, potential problems with the population of unwanted channels, e.g., related to ionization. 22 Recently, the weak-field excitation out of a single stationary state has again attracted attention. [23] [24] [25] [26] [27] [28] [29] [30] Thus, phase dependence of isomerization yields has been reported recently in the weak-field limit. [23] [24] [25] [26] It was shown that phase dependence can persist over long times when the few modes that are active in the isomerization are coupled intramolecularly to the FIG. 1. The relevant diabatic potential energy curves of IBr with the twopulse pump sequence, at time delay t d , illustrated in the inset. The excited interfering wave packets are sketched right after the pump has decayed. Due to the nonadiabatic crossing, the wave packets bifurcate into the two channels I + Br * and I + Br.
many vibrational modes in a large molecule or, in general, to an external environment. This coupling allows for dissipation of energy from the isomerization coordinates and effectively constrains the observables to finite times of the system dynamics. It has even been predicted that cis/trans branching ratios can be phase controlled without a requirement for an open system. 27 As mentioned above, for direct fragmentation in the longtime limit, it has been shown that genuine/active laser control is not possible. 12 However, we showed recently that a phase dependence associated with a fixed bandwidth phase modulated pulse can be observed and persists for some time after the pulse is over-also for direct fragmentation within an isolated dissociative continuum with a few degrees of freedom. Not only the total dissociation probability 28, 29 but also the branching ratio between two channels can be modified within a certain time interval. 30 In this paper we explore again laser control in the excitation out of a single eigenstate of a molecule in the weak-field limit. We consider specifically the process
where Br * is the spin-orbit excited Br( 2 P 1/2 ). IBr is initially in its vibrational ground state. The relevant potential energy curves are shown in Fig. 1 . The IBr branching ratio has previously been the subject of coherent laser control studies. 30, 31 It is well known 32 that the laser excitation process can be thought of as consisting of a coherent excitation of FranckCondon wave packets, exp(−iH ex t /¯)|φ(0) , each of which corresponds to a delta-pulse excitation at time t . The resulting excited-state wave function at time t is a coherent superposition of these wave packets, time-evolved for a time t − t .
Intriguing demonstrations of this picture, involving quantum interference of nuclear wave packets in an excited electronic state of a molecule, have been published. For example, the observation of constructive or destructive interference giving rise to larger or smaller excited state population 33, 34 and the direct observation, via Coulomb explosion, of the nuclear probability density resulting from quantum interference of two wave packets. 35 The implications of wave packet interference for the total excitation probability have also been nicely discussed from a theoretical point of view. 36 In the context of control, we consider here the implications of such wave packet interference for the relative yield of the two channels in Eq. (3). Using pulse-train excitation, with ultrashort non-overlapping pulses, we excite here with a fixed pulse energy as a function of time delay between the pulses. Pulse trains have previously been applied in order to control the population of excited molecular states see, e.g., Refs. 33, 34, 37, and 38.
The rest of this paper is organized as follows: In Sec. II., the molecular system and the theoretical and computational approaches are briefly presented. In Sec. III., the results are presented and discussed. Finally, conclusions are given in Sec. IV.
II. THEORETICAL/COMPUTATIONAL APPROACH
A detailed discussion of the electronic states of IBr can be found in Ref. 39 (and references therein). For our purpose, the simple 3-state model shown in Fig. 1 is sufficient . 10, 40, 41 The two excited state potentials interact with each other around their crossing at an internuclear distance of about 6 a.u. We consider in the following laser excitation out of the vibrational and electronic ground state where vertical excitation corresponds to a wavelength of about λ = 500 nm. Essentially direct dissociation takes place for λ < 545 nm, which is above the dissociation limit for both channels. This three-state model 41 reproduces experimental observations at low energies (i.e., λ > 500 nm) additional excited electronic states are involved at higher energies. 40 The laser field consists of two ultrashort Gaussian pulses with a variable time delay and a fixed phase relationship. Thus,
where
Here ω is the center frequency (equivalent to the wavelength λ 0 = 500 nm) of each pulse and φ r is the relative phase of the two subpulses. The duration of each pulse is in the following set to 2 fs. We choose the time delay, t d , such that the two subpulses are not overlapping, i.e., the energy of the field is constant and equal to two times the energy in each subpulse. We treat IBr as a one-dimensional system (see Ref. 41 for details), assuming that the transition dipole moment for the X → B transition is oriented in the direction of the field.
In this description, the angular momentum of the overall rotational motion, i.e., the centrifugal energy is neglected in the dynamics of the internuclear motion. This is an excellent approximation, at least, for small values of the angular momentum. 28 The laser-induced dynamics is calculated within the electric-dipole approximation and first-order perturbation theory for the interaction with the field.
The wave functions, potentials and coupling element are represented on an equally spaced grid of 1024 points with 3.70 ≤ x ≤ 20.50 a.u. An absorbing potential is added for x ≥ 18.4 a.u. to avoid unphysical reflections into the inner region. In the diabatic representation, the time propagation of wave functions, ψ i (x, t) where i refers to channel I + Br * or I + Br, is accomplished by the split-operator method. 42 The time-integrated flux over [−∞, t] yields the dissociation probability
where the probability flux is obtained from
where m is the reduced mass of IBr. In the following, we choose x d = 14 a.u. and evaluate P i (t = 7.5 ps). Although the wave packet, essentially, has passed the crossing region in less than 100 fs, the long propagation time is required due to small long-lived components of the wave packet. The intensity of each pulse in the two-pulse pump sequence is 1.7 × 10 10 W/cm 2 (with a constant transition dipole moment of 1 a.u.), such that the calculations are performed in the weak-field regime. Figure 2 shows the relative yield of Br * as a function of time delay between two 2 fs Gaussian pulses. The relative normalized yield is defined as: P(Br * )/(P(Br * ) + P(Br)) where P(Br * ) and P(Br) are the total dissociation probability in the two channels I + Br * and I + Br, respectively. The results are also shown for different relative phases φ r . It is observed that the branching ratio oscillates with a period of about 1.7 fs. The total population (not shown) in the excited states oscillates in exactly the same way as a function of time delay between the pulses. 36 Each pulse in the two-pulse sequence creates a wave packet and the interference between the two excited wave packets G 1 and G 2 gives rise to a time-dependent overlap term in the total population, given by 2Re{ G 1 (t)|G 2 (t) }. For nonoverlapping Gaussian pulses with a temporal duration of 10 fs or longer, the branching ratio is basically identical to that of a single pulse, because significant interference (overlap) between the excited wave packets is lost for longer time delays.
III. RESULTS AND DISCUSSION
The fast oscillations in Fig. 2 are associated with the interference term between the wave packets. The decay of the overlap in position-momentum space is modulated by a factor which oscillates at high frequency, related to the relative phase of the wave packets. Assume instantaneous, δ-pulse, excitation then the wave packets are to an excellent approximation Gaussian wave packets. The phase associated with the time-evolution of a Gaussian wave packet G is given by the classical action. In the short-time limit, the relative phase is given by exp(−iV t d /¯) 14 where V is the value of the B-state potential at the Franck-Condon point. This relative phase oscillates with a period a little below 2 fs, in good agreement with the fast oscillations in Fig. 2 .
We now consider the basic properties of the two-pulse sequence that determines the branching ratio. To that end, it is important to notice that the frequency distribution of the laser field is modified when the time delay, t d , or the relative phase, φ r , in Eq. (4) is changed. Fourier transforming the electric field, we obtain the modulus and phase of the frequency distribution, A(ω)e iφ (ω) . From the modulus A(ω) = |A(ω)e iφ(ω) | (equivalent to a laser phase of zero) we have generated the electric fields according to Eq. (1), Figure 3 shows, at two different time delays, electric fields which clearly differ from the two-pulse sequences. However, these fields give (within numerical accuracy) the same branching ratios as the two-pulse pump sequences at time delays of 4.55 fs and 5.51 fs, respectively. Thus, the obtained branching ratio is completely determined by the modulus of the frequency distributions and independent of the detailed pulse shape. The changing branching ratio in Fig. 2 is accordingly a direct reflection of a frequency distribution which changes when the time delay or the relative phase are changed.
To that end, it is also relevant to mention the frequency resolved (cw) results from the literature. Thus, at 530 nm the branching is 0.67, and the branching ratio increases with decreasing wavelength to 0.76 at 470 nm. 41 The branching ratio obtained with the two-pulse sequence is identical to an average over the cw results, weighted by |A(ω)| 2 . This is equivalent to the result contained in Eq. (2). This result was, however, not so evident since previous formal proofs 12, 13 explicitly only considered direct fragmentation, i.e., all arguments were based on standard stationary scattering states associated with a single potential energy surface. In the present work we considered a more complicated case of two coupled excited-state continua.
Finally, it is interesting to consider, in more detail, how we can explain the change in branching ratio shown in Fig. 2 . The Landau-Zener formalism offers insight into the crossing probability within a semiclassical framework based on a single classical trajectory. 40, 43 However, the applicability of this formalism goes beyond the trajectory assumption; when this assumption is abandoned and replaced by quantum dynamics described by a Gaussian wave packet, a remarkable agreement with the simple Landau-Zener formula is observed 44 provided the speed of the classical particle is replaced by the quantum mechanical expectation value of the speed,
where V 12 is the (constant) coupling potential between the diabatic states, β 1 and β 2 are the derivatives of the diabatic states at the crossing, and v c is the expectation value of the speed at the time of the crossing. In practice, we evaluate this quantity as follows: We determine the time when the average internuclear position is equal to 6 a.u., for this time we calculate the expectation value of the momentum p c and v c = p c /m, where m is the reduced mass. From Table I , it is observed that the Landau-Zener formula, Eq. (9) quite nicely reproduces the exact crossing probabilities. The error is less than a few percent and the largest error of about 6% at t d = 5.51 fs is obtained when the mo- mentum distribution (see Figure 4) shows the largest deviation from a symmetrical distribution where the average coincides with the maximum in the distribution. Thus, the dynamics of the crossing is to a good approximation determined by the average momentum at the crossing. The result at a time delay of 100 fs is identical to the crossing probability obtained after excitation with a single 2 fs Gaussian pulse.
IV. CONCLUSIONS
While the pulse energy is kept constant, we have demonstrated that a photofragmentation branching ratio can be controlled by the time delay in a pulse train. This should be contrasted with the traditional cw photochemistry where different photon energies are required in order to change a branching ratio.
We considered non-overlapping pulses, thus the energy of the pulse train is constant for all time delays. The frequency distribution does, however, depend on the time delay. Thus, different time delays translate into different frequency distributions, however, all with the same pulse energy. The photofragmentation dynamics of IBr, involving two coupled excited-state continua, was considered. For this process, induced by a weak field and starting from the vibrational ground state, we showed that the change in the branching ratio (between two electronic states) as a function of time delay is only a reflection of a changing frequency distribution of the pulse train. Thus, the branching ratio does not depend on the detailed pulse shape. This supports the conclusions of previous work, 12, 13 however, here extended to a more complicated situation with coupled excited-state continua.
A two-pulse sequence with a short delay creates interference among the excited wave packets. These interferences lead to different "initial" momentum distributions, that is, a branching ratio which depends on time delay. A fast time dependence in the branching ratio as a function of time delay was observed and it follows the time dependence in the relative phase of the excited wave packets, which is associated with the interference term between the wave packets.
The control scheme presented in this paper shares some relation to earlier interferometric experiments 33, 34 where it was demonstrated that wave packet interference could change the population in a bound vibrational state.
Finally, we showed that a simple extension of LandauZener theory reproduces nicely the branching ratio when the average momentum at the crossing gives a good description of the momentum distribution.
